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Abstract 
The developments of telecommunication and intelligent transportation technologies have led to an increase in the safety level of 
freight transportation and have enabled making the routing decisions based on real-time information and an updated condition 
of the network, the suppliers, and the receivers. This paper proposes a dynamic decentralized optimization case, in which the 
network of freight distribution, presented as a distributed Supply Chain (DSC), expands or changes temporally.  
The proposed optimization problem should be solved repeatedly on a rolling horizon basis which enables optimizing a certain 
time period in advance. At each step, the problem is modeled using discrete event systems (DESs) and a transportation model is 
proposed for transferring freights between any two nodes of the supply chain. This model supports the decision making process 
for routing and scheduling of delivery shipments that arrive dynamically at a supplier, which is of major importance and 
directly affects the performance of a freight distribution system.  
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Program Committee. 
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1. Introduction 
Today, development of telecommunication technologies and intelligent transportation systems has led to a 
contribution to more efficient routing and scheduling, as well as emergency management. This enables taking into 
consideration the incidents and their consequences, the traffic congestion on the roads, etc., which would contribute 
to the punctuality to the deadlines and prevention of further disasters, especially when hazardous materials are 
involved. One of the first studies that made use of these technologies was the one by Beroggi and Walace (1992), 
in which they developed a DSS to support the problem solving and decision making process required in the event 
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of an emergency situation. In their study, they proposed a model for selecting the optimal route with the highest 
preference. This model computes optimal routes based on outstanding and not weighted characteristics of links.  
The problem faced in this paper, also relies on the information communication between different parts of the 
network. Here, the network of freight distribution has been considered as a distributed supply chain (DSC), which 
is composed of components that operate in a cooperative environment where the initiatives to reach a common goal 
are taken by each partner (Ghirardi et al., 2008). Two of the main and latest studies in this regards, are those of 
Verma et al. (2007 and 2012) which have proposed a bi-objective model for planning and managing intermodal 
transportation of hazardous materials in an intermodal network with multiple terminals. This model is designed 
from the point of view of transport operator who offers a door-to-door service to its customer. In solving this model 
a meta-heuristic-based method has been used to identify optimal paths in terms of cost and risk, based on the 
customers’ delivery times. In these studies, it has been assumed that the trains operate between intermodal 
terminals while the transportation between the arrival point and the first terminal / the last terminal and the delivery 
point is carried out by trucks. 
Transit control of freights is performed by a dispatcher at the headquarters. The dispatcher monitors on a large 
screen the movement of the vehicles, the data on their status, and that of environment (Beroggi and Wallace 1991). 
In Ghirardi et al (2008), the baisc approach to the optimization of DSC has been proposed, although in such a 
model the transportation problem was not discussed. The main result of this study, is the formulation of a model 
which is able to take into account the transportation elements of a supply chain dynamically, trying to reduce the 
costs of late delivery of the ordered items to the due receivers taking into consideration the risk of transporting 
hazardous materials, and the limited capacity of the system. To capture the dynamic properties of the DSC, it has 
been modeled using discrete event systems on a rolling horizon basis. The paper is organized as follows: section 2 
illustrates the characteristics of the considered distributed supply chains; section 3 describes the dynamics of the 
DSC, section 4 provides the mathematical formulation of the transportation model, and section 5 concludes the 
paper. 
2. Distributed Supply Chain Model 
In this section, the characteristics of the considered Distributed Supply Chain (DSC) and the interactions 
between nodes are presented. In doing so, it is worth underlining that a DCS has a “logic” structure consisting of 
the relation among the different nodes (each node can be a supplier and a receiver of other nodes), but also a 
“physical” structure consisting of the geographical positions of each node, and of the transportation network 
connecting them. 
Then, formally, a DSC can be defined as the set 
},,,{ GENSDSC=  (1) 
where: 
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Fig. 1. Logic structure of a DSC and the relevant physical transportation network 
G            },,{),( TWRnnG do =  Nno ∈  Nnd ∈ Ǥ  ǡ R W     ǡǡT ȀǤ
With this definition, each generic node in G  and N  may be the input or output for other nodes. On the other 
hand, supplier nodes can only be inputs of the supply chain while end users can only be the outputs of the supply 
chain.  
An example of the general scheme of the network is presented in Fig. 1, where both the logical interactions 
among the nodes and the physical ground network are depicted. In this example, it is assumed that the end users 1e  
and 2e  are in the same places of the nodes 1n  and 2n , respectively. Then, the only transportation network is the 
one connecting s  to 1n  and 2n . 
Nevertheless, it is worth recalling the logic relation among the different nodes of the DSC and the optimization 
problem underlying the production to be performed. In doing so, it has to be said that the nodes exchange “parts”, 
“raw materials”, “jobs” with the aim of providing a finished work to end users within a given due date. Hereafter, 
for the sake of simplicity, the generic terms “shipment” and “freights” will be used to indicate the “materials” 
moving throughout the DSC. 
Finally, it can be noted that this presentation of DSC allows building large networks models, or modifying 
existing ones by adding or deleting nodes and/or links. 
2.1. Distributed Supply Chain Optimization 
In this section the problem of optimizing the DSC is considered. Such a problem consists of finding a good 
production plan able to satisfy, possibly on time, the end users requests, minimizing the production and 
transportation costs, at a time. In addition, in this paper the problem of minimizing risk of hazardous materials, that 
may constitute a sub set of the above cited shipments, is considered. 
Fig. 2 presents a basic scheme where, a generic node i  is represented with only an input and an output node 
together with the messages exchanged between the nodes.  
Then, in this framework, the Contract Network Protocol (CNP) evolves as follows (Ghirardi et al., 2006): 
 
Convergence algorithm: 
1) Set 1=k ; 
2) given, for the shipment j , the requested due date )(1, krdd jii + , which represents the due dates of the job 
j , from the node 1+in  and the tentative due date )(,1 ktdd j ii− , which represents the release  
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Fig. 2.. Example of CNP among three logically consecutive nodes of a DSC 
time of the job 1+in , from its supplier 1−in , the node i  solves its local optimization problem, hence 
obtaining the completion times of each job on node i ; 
3) the node i  proposes a new tentative due date )(1, ktdd jii +  (which coincides with the completion time of j ) 
to the customer 1+in  and a new requested due date )(,1 krdd j ii−  (which coincides with the starting time of 
j ) to its supplier 1−in  
4) if k  is equal to the maximum admissible iterations maxK  then Stop. Otherwise the nodes 1−in  and 1+in  
solve their local problems and propose a new requested due date and a new tentative due date to i , 
forward to the node ,..., 32 ++ ii nn , and backward to the node ,..., 32 −− ii nn . Then, after having set 1+= kk , 
process restart from step 2. 
Note that such an algorithm, in this form, does not ensure that the contract process will converge since there are 
no ways to force the nodes in modifying the requested or proposed due dates that they consider to be optimal. 
Then, in order to apply the above algorithm, the problems related to each single element of the supply chain must 
be defined, separately, and “someway” linked each other. To this aim, the Lagrangian relaxation technique is used 
since Lagrange multipliers can be used in order to move constraints from a constrained optimization problem into 
the cost function. In this formulation, the precedence constraints between the operations in the different nodes of 
the chain are moved to the objective function of the optimization problem. More precisely, taking the generic node 
 as a reference, the Lagrangian relaxation procedure consists of associating each job j  with the 
lagrangians )(
,1 k
j
ii−λ  which weight the difference )()( ,1,1 ktddkrdd j iij ii −− − , in the local cost function and the 
lagrangians )(1, kjii +λ  which weight the difference )()( 1,1, ktddkrdd jiijii ++ −  in the local cost function. 
Hence, the overall problem is decomposed into a set of independent problems which are coupled two-by-two by 
the Lagrangian multipliers, by the proposed due dates and by tentative delivery dates. With this formulation, each 
node “sees” only its direct suppliers and customers, and not the global network. 
As regards the solution procedure, the Lagrangian multipliers for each shipment are updated by a steepest descent 
based method where the direction of the update is given by the normalized difference between the requested due 
date and the tentative due date (Ghirardi et al., 2006). 
Such a relaxation acts only on the precedence constraints and does not depend on the kind of problem of each 
single node of the supply chain which can be an assembling problem, a production problem or even a 
transportation problem, as addressed in the following. In this framework, the management of hazardous materials 
and shipment can be embedded in the single node problems. 
Note also that the results obtained by the multiplier update technique depend on the order in which the different 
elements of the system update the multipliers. 
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3. The DSC Dynamics 
Given the continuous update of data and information communicated to the control center, the decision making 
processes that involve production optimization, shipment monitoring, risk/cost assessment, and route selection, can 
be analyzed and optimized dynamically.  
In this paper, in order to capture the relevant dynamics, the considered distributed supply chains, are 
represented as Discrete Event Systems (DESs), that is, as systems in which the state changes instantaneously at the 
occurrence of “event”, such as the arrival of a new shipment, its delivery, and so on. The state equation of the 
system is defined as 
 
( )kkk exfx ,1 =+  (1) 
 
which implies that the ( )thk 1+  state, 1+kx , is a function of the thk  occurred event, ke , and of the thk  state, kx .  
In DESs, the time variable, indicated as τ , depends on the event occurrence, and is updated when, and only when, 
an event occurs. In this framework, the sequences of the couples ( )kkx τ, , in which kτ  is the time instant at which 
the event ke  occurs, indicate the state trajectories (Cassandras et. al.). 
As regards the event space E , it consists of the events representing the arrival of a shipment at a node Nni ∈ . 
Then, assuming that no more than J  shipments can be in the DSC at a time, the state space results to be the set 
of all the possible values of the vector TkJkkk xxx ]...[ ,,2,1=x  where each generic term, kjx , , represents the 
state of the thj  shipment, Jj ,...,2,1= , after the occurrence of the thk  event, and consists of the 
vector Tkjkjkj lx ][ ,,, δτ=  where kjl ,  is the location and kj ,δτ  is the total travel time of the thj  shipment since 
its entering in the DSC, respectively. 
As regards the dynamic behavior of the DSC, at the occurrence of the event ke  in kτ , the network parameters 
are updated according to the consequences driven by the event itself.  
4. Transportation model 
As mentioned before, in this paper the transportation nodes in the graph G  are considered. Then, each generic 
node, of the logistic network is referred to as Nni ∈  and Nni ∈+1 , whereas the single road/rail links in the set 
GR ∈  are indicated as ( )hl, , where l  and h  are road/rail nodes in GT ∈ . In addition, in order to keep the model 
as generic as possible, no specific modes are considered but it is assumed that the characteristics distinguishing 
among different modes are associated to the corresponding links and consist of the mean speed and the relevant 
capacity. 
Then, with the aim of taking the management of hazardous materials into account, the link costs in GW ∈  
consist of both the travel time hl ,τ  and of the risk hl ,ρ  which are assumed to be time-dependent. Hence, the travel 
time of each link depends on its traffic flow, and the amount of risk depends on the kind of material (regular or 
hazardous), the mode of transport, and the population surrounding the location of the shipment at each time.  
Then, considering the three-node scheme depicted in Fig. 2 and assuming that the node Nni ∈ , that is 
represented by the graph G  is a transportation node, the contract net protocol described above is still valid and the 
requested and tentative due dates assume the following meaning: 
• )(1, krdd j iG +  is the dispatching time of the thj  shipment requested to the node G  by the node 1+in  at the step 
k  of the CNP algorithm; 
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• )(1, ktdd j iG +  is the forecasted dispatching time of the thj  shipment estimated by the node G , based on the 
traffic flows, the time of the day, the constraints imposed by the risk limitations, and so on; 
• )(
,1 krdd
j
Gi−  is the due date of the 
thj  shipment requested by the node G  to the node 1−in , at the step k  of the 
CNP algorithm, so as to be able to deliver the thj  shipment on time; 
• )(
,1 ktdd
j
Gi−  is the delivery time of the 
thj  shipment proposed to the node G  by the node 1−in , at the step k  of 
the CNP algorithm, depending on the production constraint of the node 1−in  itself; 
Then, the optimization problem solved by the transportation node G  consists of minimizing the difference, in 
terms of earliness or lateness, between the requested and the forecasted delivery time of all the shipments 
travelling on G  at a time, determining not only the best path in the graph, but also the optimal requested due date 
for all the shipments to be proposed to the node 1−in . 
In this problem the variables to be optimized are those indicating that an arc belongs to the optimal path of the thj  
shipment, namely jhlx , , and the requested due dates )(,1 krdd j Gi−  of all the shipments with respect to the upstream 
node 1−in .  
Formally, the problem can be defined as 
{ }¦ ++ −
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where the cost function in equation (3) tries to satisfy the requested due date by the node 1+in , only considering 
penalties for late shipments. 
In addition, the constraint in equation (4) defines the graph structure, the constraint in equation (5) determines the 
travel time of the thj  shipment, the constraint in equation (6) defines the tentative due date of the thj  shipment, 
the constraint in equation (7) limits the capacity of arcs, and the constraint in equation (8) ensures that the risk 
generated by all the shipments travelling on the network is smaller than the allowed threshold. Finally, the last two 
constraints in equations (9) and (10) define the admissible values of the variables. 
As regards the risk costs, they can be calculated as the sum 
¦=
z
hlhl
j
hl zczP )()( ,,,ρ  (11) 
where )(
,
zP hl  is the probability the an dangerous event z  occurs, and )(, zc hl  is the deriving consequence (Erkut 
et al., 2007). 
Note that the problem defined by equations (3)-(10) tries to make all the shipment early or on time, with respect of 
the requested due date. In this sense, in the solution, any path that guarantees the shipment to not arrive late is 
equivalent. To force shipments to choose the shortest path, the problem can be reformulated as with the same 
constraints and the modified cost function  
{ }( )¦ ++ −+
j
j
iG
j
iG
j ktddkrdd )()(,0maxmin 1,1,τ  (12) 
where the first sum has no meaning for the delivery problem but only forces to choose, for each shipment, the 
shortest path among all the equivalent paths that guarantee to arrive early or on time. Note that, in most cases, due 
dates are really close to the time shipments are available at the origin node, and then the sum over the travel times 
can be neglected.  
To conclude it is worth underlining that the above problem refers to a single instance k  of the contract net 
protocol, and has to be solved, changing the values of the parameters )(
,1 ktdd
j
Gi−  and )(1, krdd j iG + , a high number 
of times in each application of the CNP algorithm. On the contrary, in a dynamic framework, when new shipments 
arrives in 1−in
 
or 1+in  a new CPN algorithm application starts, with a different set of active shipments, and 
therefore a different number of variables in the above problem. 
5. Conclusion 
In this paper, a model has been proposed for optimizing the production and dispatching problem in distributed 
supply chains. The dynamic properties of the model are taken into consideration by means of the proposed discrete 
event model of the DSC. This approach allows representing large networks with numerous modes and multiple 
suppliers and end-users, as well as the ability to solve the optimal distribution of goods in real time. While the 
proposed algorithm for reaching an optimal point of cooperation between nodes is already present in the relevant 
literature, the specific transportation sub-problem has been considered here, also taking into account the possibility 
of managing dangerous goods. Future work will focus on creation of networks of different sizes to evaluate the 
effectiveness of the model as well as developing scenarios for managing the DSC during the period while the cargo 
is en route, at the event of an incident.  
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